Abstract. 2, 3, 7, is the most toxic of the halogenated dioxins and one of the most poisonous substances known to man. The major toxic effects of TCDD on reproduction are decreased fertility and diminished ability to maintain a pregnancy. Granulosa cells obtained from hormonally stimulated women participating in an in-vitro fertilization program were cultured with 3.1 femtomolar, 3.1 picomolar and 3.1 nanomolar TCDD. While inhibin B production was not altered, inhibin A production increased significantly after 4 hours of exposure to both nanomolar and micromolar TCDD concentrations. By 8 hours of exposure to these concentrations of dioxin, human luteinizing granulosa cells exhibited a pronounced increase in inhibin A, nearly quadrupling secretion from unexposed control cells. TCDD continued to increase inhibin A secretion at the picomolar concentration at 24 and 36 hours. It is conceivable that TCDD may act at the ovary to augment inhibin A secretion, thereby reducing FSH-stimulable estrogen secretion by granulosa cells.
,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) is the most toxic environmental pollutant of the halogenated aromatic hydrocarbon (HAH) class [1] . This toxicant is produced from combustion in the presence of chlorine and as an indirect byproduct in the manufacture of certain herbicides, defoliants, insecticides, and disinfectants. Waste incineration contributes most significantly to anthropogenic point-source production of dioxins while forest fires and volcanic eruptions comprise the greatest natural sources of TCDD. Because it is lipophilic, TCDD readily concentrates up the food chain. Traces of HAHs are found in all elements of the ecosystem, including fish, wildlife, and humans (in serum, adipose tissue, and milk) [2] . The animal products in our diet account for 90% of our TCDD exposure [3] . Its persistence and ubiquity in the environment make it difficult to ascertain the impact of TCDD on human health, although the toxic effects of TCDD certainly include a decrease in reproductive fitness in many animals [4, 5] .
TCDD is known to alter steroidogenesis in the female reproductive system. Estradiol secretion by human luteinized granulosa cells (hLGC) was decreased when cultured with TCDD for 8, 12, and 24 hours [6] . This effect was time dependent as estradiol secretion increased above controls after 36 and 48 hours. Adding the aromatizable precursor substrate androstenedione abolished the initial inhibition by TCDD of estradiol secretion. Therefore, TCDD during relatively brief exposures likely affects steroidogenesis at or before the conversion of androstenedione to estrone or testosterone. The addition of dehydroepiandrosterone (DHEA), a CYP17/17,20-lyase product, also prevented TCDD's decrease in estrogen secretion [7] . When either 17 α hydroxypregnenolone or 17 α hydroxyprogesterone, precursors of androgens, was added to the hGLC culture, TCDD was not hindered in its ability to decrease estrogen secretion [7] . This suggests that aromatase activity remains intact during TCDD treatment. Collectively, these data suggest that a likely target of TCDD in human cells is CYP17/17,20-lyase activity [8] . TCDD thereby exacts its effects on the enzymes of the ovarian steroidogenic pathway. However, TCDD's effects on the overall regulation of steroid production and release by altering the reproductive axis generally [9, 10] further complicate this scenario. Removing higher regulatory controls (hypothalamus and pituitary) by using an in-vitro paradigm, allows us to evaluate dioxin's effects directly at the human ovarian cell level. A potential site for this effect is, thereby, inhibin production by granulosa cells, which can then inhibit FSH secretion centrally, reducing estrogen peripherally.
Inhibins play an indirect role in estradiol secretion. Both inhibin A and B inhibit folliclestimulating hormone (FSH) beta subunit mRNA [11] and secretion from the anterior pituitary, and decreased FSH concentrations can then lead to decreased estradiol secretion. Inhibins belong to the transforming growth factor β (TGF β ) superfamily. Structurally, inhibin A and B are composed of the same alpha subunit while they differ in their beta subunit. Inhibin B is primarily released from preantral follicles under the stimulation of FSH and insulin-like growth factor 1 (IGF-1) [12] . Antral follicles and the corpus luteum are the major sources of inhibin A [12] . Circulating concentrations of both forms of inhibin vary with the menstrual cycle, with fluctuations affecting estradiol secretion; and inhibin A expression has been shown to be modulated by TCDD in the GC of rat follicles [13] . Inhibin B rises in the follicular phase, while inhibin A peaks in the luteal phase [14] in human , while the two inhibins are differentially expressed in other species also [15] .
The present study examines for the first time the effects of TCDD at environmentally relevant doses on the production of inhibin by cultured hLGC. Our results suggest that this is one mechanism of TCDD's estrogen-modulatory effects. 
Materials and Methods

Chemicals
Human granulosa cell isolation, purification, and culture
Human luteinizing granulosa cells (hLGC) were obtained from women undergoing ovarian stimulation in an in-vitro fertilization program at the Waukesha Memorial Hospital In-Vitro Fertilization Laboratory, Waukesha, Wisconsin. Appropriate protocols were approved by the Human Subjects Institutional Review Board. Cells were collected from groups of 2 and 3 women on two different occasions. Follicular fluid (FF) was collected in 15-ml centrifuge tubes approximately 36 hours after a 10,000 IU human chorionic gonadotropin (hCG) injection to simulate the midcycle LH surge. The FF was centrifuged at 300 × g for 5 min followed by 5 min at 600 × g to isolate the LGC. A firm layer of LGC then lay on top of the red blood cell (RBC) pellet. This layer was transferred to a new 15-ml centrifuge tube with a Pasteur pipet. Up to 1 ml of culture medium was added to the cell suspension. HLGC aggregates were mechanically dispersed with a 1-ml pipet tip. One ml of the cell suspension was layered over 5 ml 45% Percoll (Sigma, St. Louis, MO) and centrifuged at 300 × g for 30 min. The hLGC layer was aspirated from the top of the Percoll. HLGC were pooled into one 15-ml centrifuge tube and mixed. This pool was diluted with up to 10 ml of culture medium and washed twice by centrifugation, discarding the supernatant each time. The final volume was brought up to 1 ml. The purified hLGC were counted in a hemacytometer and adjusted to a concentration of 1 × 10 6 cells / ml. The viability was determined by exclusion of 0.2% trypan blue dye. The cells were placed on ice for less than 60 minutes for travel. Upon arrival at the University of Wisconsin at Milwaukee, the hLGC viability and count were again determined. Cell viability was not affected significantly. 
ELISA
Inhibin A and inhibin B ELISAs were performed using ultrasensitive assays (Serotec Ltd, Oxford, Oxon, UK) as described previously [16] . Standard controls used were recombinant human inhibin A and inhibin B. The inhibin A assay had a detection limit of 3.9 pg/ml while the inhibin B assay had one of 15.6 pg/ml. Samples were analyzed in two assays. The intraassay coefficients of variation for the two inhibin A assays were 2.0% and 1.6%. The interassay coefficient of variation for inhibin A was 3.4%.
Statistical analysis
Data were initially analyzed using two-way analysis of variance (ANOVA), split-plot for time (i.e., a repeated-measures design). As there was no i n t e r a c t i o n b e t w e e n d o s e a n d t i m e , w e subsequently analyzed each time point separately by one-way ANOVA. Multiple-comparison testing was accomplished using the conservative Scheffe's post-hoc test (P<0.05).
Results
Inhibin A secretion from hLGC increased significantly with TCDD treatment (Fig. 1) . After 4 hours of treatment with nM and µM TCDD, inhibin a secretion was amplified one-and-a-half fold.
A f t e r 8 h o u r s , T C D D a t p M , n M a n d µ M concentrations caused inhibin a secretion to nearly quadruple. HLGC treated with nM TCDD exhibited a significant sustained increase in inhibin A through 36 hours of culture. Because of a rise in secretion of inhibin in control cultures at 12 hours, there were no significant differences at this time (P=0.051), although a similar pattern was observed. By 48 hours there was a plateau in inhibin A secretion across treatment groups.
Measurements of inhibin B showed no significant differences from control cultures at any time points or concentrations of TCDD (data not shown). Most samples were, in fact, below detectable limits of the assay. 
Discussion
At a dose relevant to human body burden and dietary exposure (3.1 pM) [6] , TCDD significantly increased inhibin A levels. This is the first study confirming TCDD action on inhibin A production by hLGC. This increase in inhibin A appears to be inversely correlated with other hormonal changes observed in previous studies; e.g., TCDD decreased the levels of estrogen secretion in hLGC culture [6] . Preliminarily, we have also observed in a subset of hLGC a statistically significant (p<0.05) diminution by at last 50% in estradiol-17β secretion at eight hours of incubation with all four concentrations of T C D D ( f M , p M , n M , a n d µ M ) ; a n d b y approximately 30% (p<0.05) in progesterone secretion at four and eight hours at nM and µM concentrations of TCDD only (not shown; there was no effect on androstenedione or testosterone secretion). Further, in rats treated in utero and lactationally (IUL) with TCDD, there was a decrease in circulating estradiol and other estradiol-induced effects [17] .
We did not observe high concentrations of inhibin B in culture. In fact many of our values were below detectable limits. Since we cultured lut ei nized granul osa cell s af ter hormonal s t i m u l a t i o n w i t h a n a r t i f i c i a l l y a n d pharmacologically induced "LH surge", it is not surprising that so little inhibin B was present. Small developing follicles primarily secrete inhibin B [12] , and all of our aspirated follicles were of preovulatory size. Also, there is a rise in inhibin B during the follicular phase followed by a fall during the luteal phase [18] , and aspirated hGC luteinize in culture, mimicking a luteal phase. In contrast, inhibin A rises during the luteal phase [19] .
The marked increase in inhibin A at 4 and 8 hours was consistent with earlier data showing a decrease in estrogen secretion with TCDD exposure in rats [4] . A decrease in serum estrogen was also observed in vivo with TCDD exposure [13] . This response could in part be due to an increase in inhibin A, which acts to decrease the release of FSH from the anterior pituitary. A fall in FSH will contribute to a decrease in the amount of estrogen se cr e ted . Th er e fore , on e of th e es trog enmodulating mechanisms of TCDD may be to stimulate inhibin A release from granulosa cells. We have shown that TCDD can also act directly on the anterior pituitary, as FSHβ mRNA was inhibited with IUL TCDD exposure in the rat, although immunoassayable heterodimeric FSH did not decrease significantly in peripheral blood [11] .
TCDD acts as an estrogen-modulating agent in many paradigms. In rats treated with TCDD there was a decrease in all 17 β-estradiol-induced uterine responses, uterine weight, peroxidase activity, estrogen receptor, and progesterone receptor [20, 21] . TCDD likewise can affect the activity of steroidogenic enzymes. TCDD-treated JEG-3 (human carcinoma) cells exhibited a decrease in aromatase activity [22] . But this action is not likely in hLGC. TCDD caused a decrease in estradiol secretion in hLGC, but with the addition of androstenedione, an aromatase substrate, this effect was abolished [6] , indicating normal aromatase activity. An enzyme located earlier in the steroidogenic pathway is therefore implicated. When dehydroepiandrosterone (DHEA), a CYP17/ 17,20-lyase product was added along with TCDD, TCDD's action on estradiol s ecretion w as attenuated [7] . However, as TCDD also caused a decrease in progesterone production [7, 23, our preliminary results], TCDD may act on more than one enzyme in the ovarian steroidogenic pathway. In rat granulosa cells, TCDD diminished activity of basal and FSH-stimulated P450 side chain cleavage and aromatase activities with no effect on 3β hydroxysteroid dehydrogenase (HSD) [24] . These differences are presumably attributable to differences in the models and species, making comparison among studies difficult. It should be n o t e d t h a t o u r c u l t u r e s d i d n o t i n c l u d e gonadotropin (human chorionic gonadotropin) as was shown for other studies [7, 8] . It is therefore conceivable that an interaction occurred between declining hormone support and TCDD.
Along with changes in steroid production, TCDD also alters follicular development. Although the number of primordial follicles was not changed with TCDD exposure [25] , there was a reduction in specific size classes of preantral and antral follicles [26] . Follicular atresia occurs via granulosa cell apoptosis, and atresia occurs throughout ovarian development and maturation. We have also demonstrated that TCDD induced apoptosis in cultured hLGC [6] . These aforementioned effects of TCDD on the different follicle types correlate well with the findings of the present study. Follicle types that produce inhibin A were more affected than follicles that produce inhibin B. Changes in inhibin A might also therefore exert a direct effect within the developing follicle.
In conclusion, our results indicate that TCDD stimulated inhibin A but not inhibin B production from cultured human luteinized granulosa cells at doses as low as pM TCDD. This suggests that an environmentally relevant concentration of TCDD can exert a direct action on the granulosa cells to stimulate inhibin release. This inhibin release likely plays a role in the observed decrease in FSH β subunit mRNA in rat pituitary and subsequent diminution in estradiol secretion by TCDD.
